A B S T R A C T Liquid test meals were infused into the stomach and acid secretion was measured by intragastric titration at pH 5.0. Acid secretion after 500 or 750-ml sodium chloride meals was two to three times higher than basal secretion rates and was equivalent to 25-30% of the peak acid output in response to histamine. Since these meals did not cause a rise in serum gastrin concentration, it is assumed that they stimulate acid secretion by causing distention of the body and fundus of the stomach. Compared with this distention stimulus, glucose meals had no effect on acid secretion and fatinhibited acid secretion; however, both glucose and fat caused an increase in serum gastrin concentration. Amino acids caused a much greater increase in serum gastrin concentration and enhanced acid secretion above that noted with distention alone. In contrast, albumin did not enhance the serum gastrin concentration or stimulate acid secretion to a statistically significant extent.
A B S T R A C T Liquid test meals were infused into the stomach and acid secretion was measured by intragastric titration at pH 5.0. Acid secretion after 500 or 750-ml sodium chloride meals was two to three times higher than basal secretion rates and was equivalent to 25-30% of the peak acid output in response to histamine. Since these meals did not cause a rise in serum gastrin concentration, it is assumed that they stimulate acid secretion by causing distention of the body and fundus of the stomach. Compared with this distention stimulus, glucose meals had no effect on acid secretion and fatinhibited acid secretion; however, both glucose and fat caused an increase in serum gastrin concentration. Amino acids caused a much greater increase in serum gastrin concentration and enhanced acid secretion above that noted with distention alone. In contrast, albumin did not enhance the serum gastrin concentration or stimulate acid secretion to a statistically significant extent.
There was a close correlation between the rise in serum gastrin concentration and rate of acid secretion after different test meals when average results for each test meal were plotted. However, there was a poor correlation between acid secretion and serum gastrin concentration when the responses of the individual subjects with a given test meal were compared.
Our interpretations are: (a) Distention is an important stimulant of the acid-secretory response to a meal, and this is not mediated by gastrin release. (b) Gastrin is one but probably not the only mediator of the chemical phase of acid secretion, i.e., acid secretion noted with amino acids that cannot be explained by distention. (c) Glucose and fat also release gastrin; however, with INTRODUCTION Until recently it was not possible to measure the rate of acid secretion when food was in the stomach, and almost all information on the response of the stomach to food has been obtained in laboratory animals with gastric pouches separated from the main stomach (Pavlov or Heidenhain pouches). Food is eaten or placed into the main stomach, and secretions from the pouch are collected and measured for acid output. Acid secreted by the pouch is assumed to be proportional to that secreted by the main stomach. It is recognized that this may not be a correct assumption, since the stomach but not the pouch is distended by the meal, and since the stomach but not the pouch mucosa is in direct content with food; however, this was the only way in which acid secretion after food could be estimated, and the method has been used extensively (1) .
Recently, a method was developed for measuring gastric acid secretion in the presence of food (2) . This involves the infusion of sodium bicarbonate into the stomach to maintain a constant intragastric pH. The number of milliequivalents of bicarbonate required to prevent a fall in pH is equal to the rate of acid secretion. The method is simple and can be used in humans or laboratory animals with an intact stomach. The only unphysiologic aspect of this procedure is that gastric pH is maintained at a constant level rather than allowed to fall as acid is secreted. This does not appear to be a major disadvantage, since food-stimulated acid secre- (4) (5) (6) .
By this in vivo titration method, acid secretion in normal subjects after a meal consisting of steak, bread, and butter has been measured (2) . Secretion Gastric emptying and gastric volume. In some subjects 12 g of polyethylene glycol (PEG) were added to the meals to evaluate gastric emptying and gastric volume. 2 h after infusion of the test meals, the stomach was emptied as completely as possible, and the volume (Vi) and PEG concentration of the aspirated gastric contents were determined. The stomach was then rinsed with 400 ml of 0.9% sodium chloride that did not contain PEG. The rinse was aspirated, the volume was measured, and an aliquot was analyzed for PEG. The gastric volume was calculated from V, plus the residual volume (V2). V2 was calcufated from the PEG concentration in V1 and in the rinse solution by the following formula: V2= (Vol of the rinse X [PEG] of rinse/[PEG] of Vi). Gastric emptying is expressed as the percent of the original 12 g PEG infused with the meal remaining in the stomach at 2 h. PEG was analyzed by the method of Hyden (11) .
RESULTS
Exp. A: effect of sodiumn chloride, glucose, and amino acids meals. As shown in Table II , acid secretion after the 500 and 750-ml NaCl meals averaged about 5 meq during the first 30 min and about 20 meq during the entire 2-h test. These values were two to three times higher than basal secretion rate (P < 0.02 by paired t test) and were equivalent to 25-30% of the peak secretory response to histamine (Fig. 2) . The pattern of acid secretion and serum gastrin concentration after the NaCl meals is shown in Fig. 3 . Neither of the NaCl meals caused the serum gastrin concentration to rise above basal level (Table II and Ten subjects were studied with the NaCl and glucose meals and eight of these were studied with the amino acids meal. Acid secretion rate after each test meal was significantly higher (P < 0.02) than basal secretion rate. The average gastrin concentration after 500-750 ml NaCl was not significantly different from basal gastrin concentration. With glucose and amino acids the average gastrin concentration after the meals was higher than the basal gastrin concentration (P < 0.05). * Mean +SE.
t Integrated gastrin response. § P < 0.05; 1 1 P < 0.03 when compared with the 500-ml NaCl meal by paired t test. The 500-ml glucose meal caused an acid-secretory response not significantly different from that of the NaCl meals (Table II caused a small but definite serum gastrin response during the first 30 min after the meal (Table II, Fig. 3) .
The 500-ml amino acids meal elicited a greater acidsecretory response than the other meals (Table II and Figs. 2 and 3) . Over the 2-h period, this response was about 50% as great as the peak secretory response to histamine (Fig. 2) . The amino acids meal also caused a Acid secretion rate after both test meals was significantly higher than basal secretion rate (P < 0.05). In the 0-30-min studies, the average of the 10, 20, and 30 min gastrin concentrations was significantly higher than basal gastrin concentration, with both test meals (P < 0.05). In the 0-120-min studies, the average of the gastrin concentration of 30, 60, 90, and 120 min was higher than basal gastrin concentration for the glucose plus fat meal (P < 0.003), but not for the glucose meal (P > 0.30). * Mean +SE.
t Integrated gastrin response. § P < 0.05 when compared with the glucose meal.
greater gastrin response than the other meals (Table  II and Fig. 3 ).
As shown in Table III , the NaCl and amino acids meals were almost completely emptied from the stomach by the end of the 2-h experiment. By contrast, 16% of the PEG in the glucose meal was still in the stomach at the end of the 2 h. Gastric volume at ,2 h was also higher with glucose than with the other tmt meals.
Exp. B: effect of a glucose meal with and without fat. As shown in Table IV , the addition of fat to a glucose meal inhibited the acid secretory response from 0 to 120 min from 15.6 to 12.0 meq (P < 0.05), but increased the 0-120 min integrated gastrin response from 0.51 to 2.18 ng-min/ml (P <0.05). On the other hand, during the first 30 min after the meal, the response to the glucoseplus-fat meal was essentially the same as the response to the glucose meal without fat (Table IV and 4 Integrated gastrin response. § P < 0.05; 1 1 P < 0.03 when compared with the glucose meal. Other differences were not statistically significant (P > 0.05).
In six of these subjects the serum gastrin response was measured with a gastrin antibody (1611) that has less than 0.3% reactivity with CCK. Even with this antibody, fat enhanced the 0-120-min gastrin response (Table V) .
As shown in Table III , fat delayed gastric emptying of PEG and increased the volume of the gastric contents at the end of the 2-h experiment.
Exp. C: effect of amino acids and albumin. As shown in Table VI , 1 and 20 g of amino acids increased acid secretion above that with the carbohydrate and fat meal; 20 g of amino acids caused an acid-secretory response equal to 42% of the peak secretory response to histamine (Fig. 2) . On the other hand, 20 g of albumin did not stimulate a significant increase in acid secretion.
Only the 20-g amino acids meal elicited a statistically significantly higher gastrin response than the carbohydrate and fat meal (Table VI) . The pattern of acid secretion and serum gastrin concentration after the meals is shown in Fig. 5 .
Correlation of meal-stimulated acid secretion and integrated gastrin response. Fig. 6 shows the relationship between integrated gastrin response and meal-stimulated acid secretion (Exp. C). Data depicted in this figure represent the mean of the results in eight subjects studied in the basal state and after the four test In addition, the following paired t test comparisons were made. Acid secretion: 20 g amino acids > 1 g amino acids, P < 0.05; 20 g amino acids > 20 g albumin P < 0.005. Gastrin: 20 g amino acids > 1 g amino acids, P < 0.06; 20 g amino acids > 20 g albumin, P < 0.09. Carb, carbohydrate; AA, amino acids; Alb, albumin. Table VI . There was a good correlation between the mean integrated gastrin response and the mean rate of acid secretion (r = 0.97). Table VII gives the correlation coefficients for integrated gastrin response versus acid-secretory response among the individual subjects for all the test meals used in Exps. A, B, and C, and for a group of eight subjects given a homogenized cooked steak meal (volume 600 ml; osmolality 135 mosmol/kg; protein content, 37 g, estimated from standard dietary tables). To normalize the results in individual subjects to a constant functional parietal cell mass (3), the acid-secretory response was calculated by subtracting basal acid secretion rate from the secretion rate after the meal and dividing this value by the peak acid secretion rate after histamine (0.04 mg/kg subcutaneously). Only one of the correlations was statistically significant (glucose, Exp. A, 0-30 min). This poor correlation was also present when peak gastrin concentration was compared with acid-secretory response. Fig. 7 shows the data after 12.8 g amino acids (Exp. A), which illustrates the poor correlation between gastrin response and acid secretion in these normal subjects.
Thus, test meals that elicit a high mean gastrin response by virtue of their amino acids or cooked protein l.or- Mechanimms of Food-Stimulated Acid Secretion 629 .
-AnL and polypeptide content elicit increased mean secretion rates of acid; however, with any given test meal there is poor correlation between gastrin response and acid secretion when values for the individual subjects are plotted. DISCUSSION Based on previous research in dogs with Pavlov and Heidenhain pouches, the major potential mechanisms for food stimulation of acid secretion via the "gastric phase" are thought to be: gastric distention and chemical reactions. Gastric distention can stimulate acid secretion in three ways. First, antral distention releases gastrin (1, 4) . Second, antral distention stimulates acid secretion by a neural reflex (pyloro-oxyntic reflex) that is independent of a rise in serum gastrin (12) . And third, distention of the body and fundus of the stomach stimulates acid secretion by local and vagovagal reflexes (1) . Insofar as chemical reactions are concerned, the only known stimuli are amino acids and polypeptides. These interact with antral gastrin cells to cause gastrin release (4, 13) and directly with oxyntic cells in the body and fundus regions of the stomach to stimulate acid secretion (14) . Carbohydrates and fats are not known to have similar chemical effects.
Although these mechanisms cause acid secretion and gastrin release in dogs under certain specific experimental conditions, it is not known to what extent they contribute to acid secretion and gastrin release after the ingestion of food in either humans or experimental animals. In the present studies we infused various artificial test meals into the stomach of normal human subjects and measured acid secretion and serum gastrin concentration. We will discuss our findings in terms of the effect of gastric distention, glucose, fat, amino acids and protein, and correlation of serum gastrin and acidsecretory responses.
Gastric distention. Acid secretion after 500-and 750-ml NaCl meals was two to three times higher than the basal secretion rate and was equivalent to 25-30% of the peak secretory response to histamine. However, these meals did not cause a rise in serum gastrin concentration. We conclude that 500-and 750-ml liquid test meals do not produce sufficient antral distention to cause the release of gastrin, at least not enough to cause a measurable rise in gastrin concentration of peripheral venous blood. Since animal studies suggest that antral distention sufficient to activate a pyloro-oxyntic reflex would also cause an elevation of serum gastrin concentration when antral pH is 5.0 (12), it seems unlikely that such a reflex contributed to the observed acid-secretory response. On the assumption that NaCl does not stimulate the parietal cells by a direct chemical reaction, we conclude that gastric distention stimulates acid secretion and that this is probably mediated by local reflexes in the body and fundus of the stomach.
Glucose. The 500-ml glucose test meal elevated serum gastrin concentration, but only during the first 30 min. Although the glucose meal was emptied slower than the NaCl meals, it is difficult to attribute a rise in gastrin during the first 30 min after a 500-ml glucose meal to antral distention, since even 750-ml NaCl meals do not elevate serum gastrin concentration. Therefore, we conclude that glucose either reacts chemically with antral gastrin cells to stimulate gastrin release or that glucose releases another hormone, which in turn releases gastrin. Whatever the mechanism, glucose caused only a relatively small and transient increase in serum gastrin concentration, not enough to increase acid secretion above that seen with the NaCl meals.
Fat. Addition of fat to the test meal increased the serum gastrin concentration. We considered the possibility that this might have resulted from antral distention secondary to delayed gastric emptying, but this seems unlikely since 750-ml NaCl meals did not raise the serum gastrin concentration and since gastric volume was only 64 ml higher with than without fat at the end of the 2 h experiment (Table III) . Another possibility is that fat elevates the serum concentration of CCK and that this cross-reacts in the gastrin assay system. To evaluate this, we repeated the experiment using a gastrin antibody that has almost no cross-reactivity with CCK. Fat meals still elevated the serum gastrin concentration. We tentatively conclude that fat reacts chemically with gastrin-cells to cause gastrin release or that fat releases an intermediate hormone that then causes gastrin release. These findings with fat were unexpected; however, we are aware of no previous studies in humans or animals where the question has specifically been evaluated by studying the effects of carbohydrate meals with and without fat.
Although fat caused a rise in serum gastrin concentration, fat inhibited acid secretion by 25% (Table IV) .
Presumably fat releases hormonal inhibitors of acid secretion (15, 16) [pH 5 .0] peptic digestion is inhibited and peptides and amino acids would not be liberated from albumin in the stomach lumen.) However, both in the present studies and in our previous studies, steak in somewhat larger quantities is a potent stimulant of acid secretion and gastrin release (2, 3) .
Correlation of serum gastrin and acid-secretory responses. Test meals containing amino acids caused a higher acid secretion rate than meals of equal volume and osmolality that did not contain amino acids. For purposes of this discussion, this increment in acid secretion (above that noted with meals of equal volume and osmolality that did not contain amino acids) will be referred to as the chemical phase of acid secretion. Test meals containing amino acids also evoked a greater gastrin response than other meals, and the correlation between this rise in serum gastrin concentration and the rate of acid secretion was excellent when average results for each test meal were plotted (Fig. 6) . However, this does not necessarily mean that gastrin is the only, or even the major, mediator, of the chemical phase of acid secretion, since amino acids might stimulate acid secretion in other ways. For example, they might stimulate the parietal cells directly (14) , or they might cause the release of a nongastrin stimulant from the small intestine. The fact that the correlation between the rise in serum gastrin concentration and the acid secretory responses among individual subjects given the amino acids or cooked steak meal was poor (Table VII and Fig. 7) suggests that gastrin may not be the only mediator of the chemical phase of acid secretion.
